I. INTRODUCTION
N EUTRON shielding is one of the essential elements of fusion nuclear technology. Fusion reactor designs, such as ITER, CFETR, and EU DEMO, usually need auxiliary systems (neutral beam injector and diagnostics ports), which penetrate the blanket shield components. It is very important to investigate the effect of neutron streaming through the ports on the radiation dose distributions. Nuclear analyses of fusion reactor are complex activities which include tritium Y. Peneliau is with CEA-Cadarache, 13108 Saint-Paul-lez-Durance, France (e-mail: yannick.peneliau@cea.fr).
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breeding ratio, nuclear heating, radiation dose, gas production, and material damage. Because the results of the nuclear analyses will affect the design of many fusion reactor systems, detailed and accurate nuclear analyses are required for the reactor safety report. The advanced nuclear analysis codes and the verification of the nuclear analyses by computational and experimental benchmarks are very important [1] . Previously, the straight duct and bent duct shielding designs for ITER were investigated, and experiments were conducted with Fusion Neutronics Source (FNS) facility in the Japan Atomic Energy Agency (JAEA) [2] , [3] . These FNS experimental duct streaming benchmarks were documented in the SINBAD database for neutron transport codes validation [4] . TRIPOLI-4, a continuous-energy Monte Carlo radiation neutron transport code, has been continuously developed at CEA since the 1960s. The code is dedicated to radiation shielding, reactor physics, and nuclear instrumentation [5] . With the growing interest in using the TRIPOLI-4 nuclear analysis code for fusion reactor design (such as ITER, CFETR, and DEMO), it is essential to validate the code for D-T fusion neutron transport calculations.
In this paper, the JAEA/FNS dogleg duct neutron streaming experiments were investigated with TRIPOLI-4 code. The purpose was to evaluate the reaction rates for 93 Nb(n,2n) 92m Nb, 115 In(n,n ) 115m In, and 197 Au(n,γ ) 198 Au neutron activation dosimeters located inside and behind dogleg duct assembly. The calculation results were compared with the experimental ones. TRIPOLI-4 variance reduction techniques for this shielding calculation were also verified and tested.
II. BENCHMARK MODEL
First, the benchmark 3-D geometry structure model was studied. The dogleg duct streaming experiment environment of FNS facility in the JAEA was described in [2] - [4] . According to these published documents, the TRIPOLI-4 benchmark model was developed. The layout of the model is shown in Fig. 1 . The model includes two rooms constructed using concrete material to shield neutron radiation and reduce the personnel radiation exposure around the room. One room is used for neutron source, and the outline of the room is 5360 mm in length, 5360 mm in width, and 4900 mm in height. Another room is reserved for bent dogleg duct assembly located at iron shielding assembly area. The detailed 0093-3813 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Detailed configuration of the double bent dogleg duct and 11 benchmark-measurement points [3] , [4] . bent dogleg duct room is shown in Fig. 2 . The bend duct with cross section 300 mm × 300 mm goes through the iron shielding zone, which behaves like the auxiliary system penetrating the fusion reactor blanket shield. The first leg of the duct was horizontal and as high as the FNS D-T neutron source. The second leg was perpendicular to the first leg and third leg. The third leg was parallel to the first leg. The lengths of three legs were 1150, 900, and 650 mm [3] , [4] .
III. TRIPOLI-4 CALCULATIONS

A. Calculation Procedure
The benchmark geometry structure for TRIPOLI-4 calculation was accurately modeled, including all the structures of experimental environment, such as experimental hall walls and FNS deuterium beam shielding. We employed the combinatorial way to define the volumes for a simplified model. The shape data are the basic component of a geometrical definition in combinatorial form [5] . The SINBAD benchmark database provides the FNS benchmark a data file for detailed geometry specification. Actually, this data file can be used with the Monte Carlo particle transport code MCNP [6] . For the calculations presented here, a translation of the MCNP-4B data file used for calculating the neutron flux and dosimeter reactions rates from [4] was performed. The surface boundary representation was translated from MCNP file. For the source definition, two options were used. In the first option, the Monte Carlo transport code TRIPOLI-4 adopts point source with neutron energy 14 MeV to simulate D-T neutron source in the FNS facility. In the second option, in order to have an exact representation of the FNS source, the Fortran patch to MCNP-5 code was compiled with some modifications. These modifications consisted in dumping source neutron characteristics (point, direction, energy, weight, and time) in a file which could be used by TRIPOLI-4 as an external source. That is because the data input format is different between TRIPOLI-4 code and MCNP code. The neutron source characteristics were written in external files and translated in TRIPOLI-4 source file format. The option of reading external source particle files was then used. To verify the shielding performance benchmark, detailed simulation results were tracked by setting 11 focused points and compared with the experimental results. Thus, the reliability of the TRIPOLI-4 code simulation for local nuclear responses can be estimated. The nuclear data libraries IRDF-2002 for dosimeter reaction rate calculations and FENDL-2.1 for neutron transport calculations were employed for the present benchmark study. The neutron spectra and reaction rates for 93 Nb(n,2n) 92m Nb, 115 In(n,n ) 115m In, and 197 Au(n,γ ) 198 Au were normalized to a source intensity of 1 n/s, which is consistent with the reported experimental value at the dogleg duct [3] , [4] .
B. TRIPOLI-4-Calculated Neutron Spectra
Streaming neutron spectra calculated by TRIPOLI-4 code with FENDL-2.1 nuclear data are shown in Fig. 3 . Eleven measurement positions of Fig. 2 were selected in the duct and behind streaming assembly to show the calculation results. It is concluded that the double bent duct structure can effectively shield neutron radiation, especially for fast neutron. The fast neutron (>0.1 MeV) was reduced by 2-3 orders of magnitude at dosimeter positions #6-#9. The neutron flux with energy lower than 0.1 MeV has a reduction factor of 1-2 orders of magnitude.
Figs. 4-6 present the calculated and measured neutron spectra above 1 MeV at the dosimeter points #3, #5, and #7. Calculated results at point #3 are higher than the measured ones while the opposite compared results appear at point #7.
The reason of the difference may come from the errors during calculation process. The calculated results of 14-MeV peak and scattering tails are in good agreement with the experimental ones. The maximum discrepancy appears in high-energy regions around 10 MeV. These results are illustrative for understanding the fast neutron dosimeter reaction rate results such as 115 In(n,n ) and 93 Nb(n,2n) because these reactions have energy thresholds, around 0.3 and 9 MeV, respectively. On the contrary, for 197 Au(n,γ ) dosimeters, the reaction rate is very sensitive to slow-down neutrons and has no threshold. 
C. TRIPOLI-4-Calculated Dosimeter Reaction Rates
TRIPOLI-4-calculated dosimeter reaction rates for 93 Nb(n,2n) 92m Nb, 115 In(n,n ) 115m In, and 197 Au(n,γ ) 198 Au are presented in Tables I-III. Table I shows results for D-T fusion neutron responses (above 10 MeV), Table II shows results for fast neutron responses (above 0.1 MeV), and Table III shows results for slow-down neutrons (below 0.1 MeV).
Reaction rates in this dogleg duct are obviously different in each leg zone. The reaction rates at the first leg zone are larger than those at other zones because dosimeter points #1-#3 in the first leg duct do not have any shielding material to shield them from the neutron source. The reaction rates at the second leg decrease strongly from dosimeter points #3 and #4 by 1-2 orders of magnitude due to the bent duct effect. But for the third leg, the bent duct effect is clearly smaller.
As the D-T fusion neutron energy is about 14 MeV, the forward scattering distribution is dominant. That is why the bent duct effect is more evident for 93 Nb(n,2n) 92m Nb and 115 In(n,n ) 115m In reaction rate results. The reaction rates for 197 Au(n,γ ) 198 Au decrease in a moderate way in the bent duct because this dosimeter was used to measure slow-down neutrons after inelastic and elastic scatterings with iron duct walls (see Fig. 7 ). Fig. 7 shows the cross sections of 93 Nb(n,2n) 92m Nb, 115 In(n,n ) 115m In, and 197 Au(n,γ ) 198 Au reactions from IRDF-2002 dosimetry data library. The reaction energy thresholds of these dosimeters are 8.93, 0.34, and 1 × 10 −11 MeV, respectively. Because of the high threshold energy, the reaction rates for 93 Nb(n,2n) 92m Nb in the benchmark measurement points decrease very fast (see Fig. 3 ). Both the measured and TRIPOLI-4-calculated results at the second leg zone decrease by 2-3 orders of magnitude (see Table I ). The threshold energy of In dosimeter is smaller than that of Nb dosimeter. So that the reaction rates for 115 In(n,n ) 115m In at the second leg zone is 1-2 orders smaller than the values at the first leg zone. The slowdown neutron dosimeter 197 Au(n,γ ) has the 1/v nature of capture cross sections. The reaction rate for 197 Au(n,γ ) 198 Au decreases slowly in the bent duct.
For all the reaction rates, the results at point #7 are almost at the same level with the points behind the streaming assembly. Behind the assembly, position #9 leads to the highest results for fast neutron results from In dosimeter because it is in front of the first dogleg. As position #7 is in the same order of magnitude of dosimeter reaction rates as positions #8, #9, #10, or #11, it can be considered that the double dogleg duct design can effectively shield D-T fusion neutrons. Auxiliary systems for fusion reactor can also adopt the double dogleg duct design to penetrate the shield structure.
The C/E (ratio of calculated reaction rate and experimental one) values of 93 Nb(n,2n) 92m Nb dosimeter show that the calculated results have the similar variation trend with measured reaction rates. However, the calculated values are generally smaller than the experimental ones. An underestimation of calculation ranging from 7% to 34% was observed. The C/E values of 115 In(n,n ) 115m In dosimeter were in the range of 0.57-1.04. The calculated values were generally smaller than the measured value except the measurement point #7 where the error of measured value was 20.3%. Calculated reaction rates of 197 Au(n,γ ) 198 Au were also smaller than the experimental values for all the measurement point inside the dogleg ducts. This was not the case for the measurement points from #8 to #11 behind the iron assembly. The calculation errors of these measurement points need to be improved in the future study. The self-shielding effect of the 197 Au(n,γ ) 198 Au activation foils is very important for slow-down neutron measurements. The dimensions of the activation foils are not available from the SINBAD database. The observed C/E ratios in this paper were regular and consistent with the published MCNP-4B/MCNP-5 results [3] , [4] .
D. Results and Discussion
According to above calculation results including streaming neutron flux and reaction rates of 93 Nb(n,2n) 92m Nb, 115 In(n,n ) 115m In, and 197 Au(n,γ ) 198 Au in dogleg duct, it is proved that the bent duct can effectively shield the neutron radiation. The reaction rate at the end of third leg shares almost the same level with the dosimeter points behind the shield. Thus, double bent duct structure is a good method to solve the neutron shielding problem when the penetration ducts are necessary in shielding wall. The comparison of the calculated and measured reaction rates of 11 benchmark points in dogleg leg duct shows that these results have the same trend of attenuation except for some points. 
IV. VARIANCE REDUCTION TECHNIQUE OF TRIPOLI-4
For radiation shielding problems with strong neutron flux attenuation, biasing the transport of the particles in Monte Carlo calculations is often necessary in order to reduce calculation time and improve the efficiency of the expected results convergence. The biasing scheme of TRIPOLI-4 is based on exponential transform, and it can be used for neutron transport and/or photon transport [7] . This variance reduction method was used for the present dogleg benchmark neutronic simulation.
In order to show the difference between analog and nonanalog runs of TRIPOLI-4 code, 10 4 neutron collision sites were tracked, as shown in Figs. 8 and 9 . From the comparison of Figs. 8 and 9, we can understand that there are very limited neutron collision sites at our dosimeter points if we do not use variance reduction techniques. For these qualitative variance reduction tests, the analog and nonanalog calculation time values on the same computer are 5155 and 440 s, respectively. The standard deviations of reaction rates for 93 Nb(n,2n) 92m Nb, 115 In(n,n ) 115m In, and 197 Au(n,γ ) 198 Au are listed in Table IV . The nonanalog calculation allows the decrease of the computation time significantly. Meanwhile, the standard deviation of the nonanalog calculation is less than the analog one. The distribution of the neutron collision sites in Figs. 8 and 9 , the calculation time, and the standard deviation values in Table IV demonstrate the advantages of the TRIPOLI-4 variance reduction techniques. For the quantitative variance reduction study, the figure of merit (FOM) index will be applied and reported in the future. The FOM index is defined as 1/(σ 2 × t), where σ is the standard deviation of the calculated reaction rate and t is the calculation time.
V. CONCLUSION
In this paper, TRIPOLI-4 Monte Carlo radiation transport code was utilized to carry out the nuclear analyses of 14-MeV neutron streaming through dogleg iron ducts. The streaming fast neutron spectra from TRIPOLI-4 calculation and those from experiment presented discrepancies ranging from 20% to 30%. Most of the discrepancy results appeared in highenergy scattering regions (>10 MeV) where the uncertainties of experimental neutron flux were not available. About reaction rate benchmark results for 93 Nb(n,2n) dosimeters, the C/E ratios varied from 0.62 to 0.93, for 115 In(n,n ), from 0.57 to 1.04, and for 197 Au(n,γ ), from 0.68 to 1.54. These TRIPOLI-4 C/E benchmark results are comparable with those of MCNP-4B code [4] . The advantages of TRIPOLI-4 variance reduction option were also demonstrated in present shielding calculations. The nonanalog TRIPOLI-4 calculations were helpful to decrease the computation time efficiently. Some discrepancies of the benchmark results may be caused by the angular distribution data of FNS D-T neutron source and the available dosimeter data. Both the quantitative variance reduction test and the angular emission of neutron source will be investigated by further study.
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